Introduction {#sec1}
============

Pancreatic cancer still represents the tumor disease with the worst prognosis in terms of patient survival.[@bib1] With a 5-year survival rate of only 6% in the United States,[@bib2] current treatment regimens strongly fail in effectively stabilizing this tumor disease. Accordingly, novel therapeutic principles adapted to the distinct pancreatic cancer tumor biology[@bib3] are desperately needed.

Oncolytic viruses are able to specifically infect and lyse tumor cells; this virus-mediated oncolysis then results in induction of a profound antitumor immunity.[@bib4], [@bib5], [@bib6] Many years ago, reports on tumor patients which occasionally responded to natural virus infections gave the impulse for a systematic development of virotherapeutic agents. Since then, many naturally occurring viruses have been utilized and genetically optimized for work on a virotherapeutic cure and more efficient palliation for cancer patients.[@bib7] However, the clinical success of this new therapeutic regimen mostly remained small and thus far only single cases of a monovirotherapeutic cancer cure have been reported.[@bib8]

The granulocyte-macrophage colony-stimulating factor (GM-CSF) expressing herpes simplex virus mutant talimogene laherparepvec (T-VEC) (Imlygic; Amgen) was approved by the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) in 2015 for treatment of metastatic melanoma,[@bib9], [@bib10] which ultimately may pave the way for establishing even more virotherapeutic agents in clinical practice. Additionally, results of a phase Ib trial have already demonstrated an even stronger response of patients with melanoma to the combination of T-VEC with the checkpoint blockade inhibitor ipilimumab;[@bib11] accordingly, results from the phase II part of this immuno(viro)therapeutic trial (NCT01740297) are eagerly awaited.

Despite these promising developments, it is still believed that oncolytic virotherapy might find its way into widespread clinical use only in combination with already approved treatment modalities (e.g., chemotherapy), especially in tumor entities that are not as responsive to immunotherapy as melanoma. Recently, preliminary results of a phase III trial in which patients with head and neck cancer were treated with a combination of Reolysin (reovirus type 3 Dearing \[RT3D\]) with dual chemotherapy with carboplatin plus paclitaxel showed a statistically significant improvement in patient survival compared to the control arm.[@bib12]

The vaccinia (*Lister* strain)-derived oncolytic virus GLV-1h68 (referred to as GL-ONC1 when used in clinical studies) was constructed previously by inserting three expression cassettes encoding for β-glucuronidase, β-galactosidase, and GFP (Ruc-GFP) at different gene loci of the virus.[@bib13] As a result, GLV-1h68 was found to be attenuated compared to wild-type vaccinia virus.[@bib14] In addition, expression of diagnostic markers also enabled real-time monitoring of virus infection, spread, and oncolysis,[@bib15] thus providing real-time insight on the success of tumor treatment.[@bib16]

Here, we investigated the cytotoxic effect of the prototypic combination of GLV-1h68 with clinically approved dual chemotherapy with *nab*-paclitaxel plus gemcitabine on four well-characterized cell lines of human pancreatic adenocarcinoma in vitro. The remaining tumor cell masses and cell viabilities were analyzed at 72 hr after chemovirotherapeutic treatment. In addition, we also examined the effect of the respective chemotherapeutic agents on replication of GLV-1h68 as determined by viral growth curves. Potential interferences of the chemotherapeutic compounds with vaccinia virus-based virotherapeutics were also investigated.

Results {#sec2}
=======

Response of Human Pancreatic Adenocarcinoma Cells to Chemo- or Virotherapeutic Treatment in Monotherapy {#sec2.1}
-------------------------------------------------------------------------------------------------------

Prior to any chemovirotherapeutic combination treatment, suitable doses of each single agent had to be determined. In our consideration, proper concentrations of each single agent should result in a remaining tumor cell mass of ≈75% at 72 hr post initiation of treatment (defined here as a so-called 25% lethal dose \[LD25\]). Otherwise, higher doses/concentrations might result in even more enhanced tumor cell killing (\>25%) by each of the compounds tested, which then might disguise any additional antitumoral effect when used in combination.

According to this setup, four human pancreatic adenocarcinoma cell lines (AsPc-1, BxPc-3, MIA PaCa-2, and Panc-1) were first treated in monotherapeutic approaches (1) with ascending doses of vaccinia virus GLV-1h68 (MOIs, multiplicity of infection), (2) with the chemotherapeutic agent *nab*-paclitaxel (*nab*-PTX), or (3) with the chemotherapeutic compound gemcitabine. In each case, the remaining tumor cell masses were analyzed by sulforhodamine B (SRB) viability assays 72 hr after the initiation of treatment ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}). As a result, all four tumor cell lines were found to respond to any of the applied agents in a dose-dependent manner, even though different levels of susceptibility to the oncolytic/chemotoxic treatments were seen in the respective tumor cell lines. In contrast to the other three tumor cell lines, BxPc-3 tumor cells responded to an MOI of GLV-1h68 of only 0.05 ([Figure 1](#fig1){ref-type="fig"}). In AsPc-1 and Panc-1 cells, increasing concentrations of gemcitabine resulted in dose-dependent tumor cell killing over the whole range of concentrations employed ([Figure 2](#fig2){ref-type="fig"}, lower panels), whereas gemcitabine concentrations exceeding a critical threshold of 10^−1^ μM in BxPc-3 and MIA PaCa-2 cells killed nearly all tumor cells ([Figure 2](#fig2){ref-type="fig"}, upper panels). Treatment with *nab*-paclitaxel resulted in an almost uniform response in all four tumor cell lines, likewise demonstrating a critical concentration threshold in the range of 10^−2^ to 10^−3^ μM, resulting in highly potent tumor cell killing ([Figure 3](#fig3){ref-type="fig"}). On the basis of these data, LD25 doses of each single agent could be determined for each of the respective tumor cell lines ([Table 1](#tbl1){ref-type="table"}).Figure 1Treatment of Four Different Human Pancreatic Tumor Cell Lines with Oncolytic Vaccinia Virus GLV-1h68(A) Virotherapy setting. Tumor cells were infected with the oncolytic vaccinia virus GLV-1h68. 1 hr post-infection (hpi), the inoculum was removed and normal growth medium was added. (B) Cytotoxicity was determined after 72 hr of treatment with increasing doses (MOIs) of GLV-1h68. The remaining tumor cell masses were analyzed by sulforhodamine B assays (n = 3, mean and SD are shown). Dotted lines indicate a tumor cell mass of 75% being remnant at 72 hpi. MOCK, untreated control; MOI, multiplicity of infection.Figure 2Treatment of Four Different Human Pancreatic Tumor Cell Lines with Increasing Concentrations of GemcitabineRemaining tumor cell masses were analyzed at 72 hr after initiation of treatment with gemcitabine by sulforhodamine B assays (n = 3, mean and SD are shown). Dotted lines indicate a tumor cell mass of 75% being remnant at 72 hr post-initiation of gemcitabine treatment.Figure 3Treatment of Four Different Pancreatic Tumor Cell Lines with Increasing Concentrations of *nab*-PaclitaxelRemaining tumor cell masses were analyzed at 72 hr after initiation of treatment with *nab*-paclitaxel by sulforhodamine B assays (n = 3, mean and SD are shown). Dotted lines indicate a tumor cell mass of 75% being remnant at 72 hr post-initiation of *nab*-paclitaxel treatment.Table 1LD25 Monotherapeutic Doses of GLV-1h68, Gemcitabine, and *nab*-Paclitaxel in Human Pancreatic Carcinoma Cell Lines: Further Employed for ChemovirotherapyTumor Cell LineVirus Dose of GLV-1h68 (MOI)Gem Concentration (μM)*nab*-PTX Concentration (μM)MIA PaCa-20.53 × 10^−2^5 × 10^−3^AsPc-10.11 × 10^−1^1 × 10^−2^Panc-10.17.5 × 10^−2^5 × 10^−3^BxPc-30.012 × 10^−2^1 × 10^−2^[^1]

Dual Chemovirotherapy with GLV-1h68 and Gemcitabine {#sec2.2}
---------------------------------------------------

Next, a chemovirotherapeutic protocol combining GLV-1h68 and gemcitabine (gemcitabine-based dual chemovirotherapy) was designed. Accordingly, AsPc-1, BxPc-3, MIA PaCa-2, and Panc-1 tumor cells were treated with the previously determined LD25 doses of the two agents either in monotherapy or in combination. Gemcitabine was administered at either 1 or 24 hr post-infection (hpi) ([Figure S1](#mmc1){ref-type="supplementary-material"}), while the remaining tumor cell masses were analyzed at 72 hpi by SRB assays ([Figure 4](#fig4){ref-type="fig"}); accordingly, durations of chemotherapy were either 71 hr ("early" addition of gemcitabine at 1 hpi) or 48 hr ("late" addition of gemcitabine at 24 hpi), respectively. When comparing the results of the remaining tumor cell masses using these distinct patterns of chemovirotherapy with both of the respective monotherapies (early versus late addition of gemcitabine), no considerably enhanced cytotoxicity was seen in any of the four tumor cell lines. Hence, this specific chemovirotherapy protocol (GLV-1h68 combined with gemcitabine) was not found to be superior to either of the two monotherapeutic approaches.Figure 4Combinatorial Chemovirotherapeutic Treatment of Four Different Pancreatic Tumor Cell Lines with GLV-1h68 and GemcitabineGemcitabine was added after infection with GLV-1h68 at either 1 or 24 hpi. The remaining tumor cell masses were analyzed by sulforhodamine B assays (n = 1, mean and SD are shown). The additional effect of the combination treatment was compared with the effect of both monotherapeutic treatment regimens, respectively. Dotted lines indicate a tumor cell mass of 75% being remnant at 72 hpi. Gem, gemcitabine; hpi, hour(s) post-infection; MOCK, untreated control; MOI, multiplicity of infection.

Dual Chemovirotherapy with GLV-1h68 and *nab*-Paclitaxel {#sec2.3}
--------------------------------------------------------

In the next setting, GLV-1h68 was combined with *nab*-paclitaxel (*nab*-PTX-based dual chemovirotherapy). This combination resulted only in slightly enhanced tumor cell killing compared to the respective monotherapies ([Figure 5](#fig5){ref-type="fig"}). Beyond this finding, the lag time between the initiation of viro- and chemotherapy (early versus late addition of *nab*-PTX at 1 hpi and 24 hpi, respectively) was not found to influence the efficacy of the chemovirotherapeutic combination.Figure 5Combinatorial Chemovirotherapeutic Treatment of Four Different Pancreatic Tumor Cell Lines with GLV-1h68 and *nab*-Paclitaxel*nab*-Paclitaxel (*nab*-PTX) was added after infection with GLV-1h68 at either 1 or 24 hpi ([Figure 4](#fig4){ref-type="fig"}). The remaining tumor cell masses were analyzed by sulforhodamine B assays (n = 3, mean and SD are shown). The additional effect of the combination treatment was compared with the effect of both monotherapeutic treatment regimens, respectively. Dotted lines indicate a tumor cell mass of 75% being remnant at 72 hpi. hpi, hour(s) post-infection; MOCK, untreated control; MOI, multiplicity of infection.

Taking the results of both dual-therapy approaches together, GLV-1h68 can be combined with chemotherapeutic compounds (e.g., gemcitabine and *nab*-paclitaxel) in highly flexible time patterns.

Triple Chemovirotherapy with GLV-1h68 Plus *nab*-Paclitaxel Plus Gemcitabine {#sec2.4}
----------------------------------------------------------------------------

Based on the previously obtained results and their evaluation of clinical feasibility, a "final" chemovirotherapeutic triple protocol combining GLV-1h68 with the clinically approved dual chemotherapy of *nab*-paclitaxel plus gemcitabine was devised. In line with the prescribing information of *nab*-paclitaxel (Abraxane), *nab*-paclitaxel was applied first (at 1 hpi), whereas gemcitabine was added 30 min later (at 1.5 hpi) ([Figure 6](#fig6){ref-type="fig"}). Since the LD25 doses of both chemotherapeutic agents were determined previously in monotherapy, their concentrations in combination had to be adjusted slightly to the new triple-therapy setting (data not shown). Moreover, the MOIs of GLV-1h68 were varied based on their previously determined LD25 doses. To validate the results obtained with the SRB assays ([Figure 6](#fig6){ref-type="fig"}, depicted in red bars), additional CellTiter-Blue (CTB) viability assays were performed ([Figure 6](#fig6){ref-type="fig"}, depicted in blue bars).Figure 6Combinatorial Chemovirotherapeutic Treatment of Four Different Pancreatic Tumor Cell Lines with GLV-1h68 and *nab*-Paclitaxel Plus Gemcitabine Dual Chemotherapy(A) Triple therapy setting. Chemotherapy was started at 1 hpi by adding medium containing *nab*-paclitaxel. Half an hour later (1.5 hpi), gemcitabine was added. (B) The remaining tumor cell masses and cell viability after 72-hr treatment with the triple therapy at increasing doses of GLV-1h68 were analyzed by sulforhodamine B assays and by CellTiter-Blue assays, respectively (n ≥ 3, mean and SD are shown). Dotted lines indicate a tumor cell mass of 75% being remnant at 72 hpi. CTB, CellTiter-Blue; Gem, gemcitabine; hpi, hour(s) post-infection; MOCK, untreated control; MOI, multiplicity of infection; *nab*-PTX, *nab*-paclitaxel; SRB, sulforhodamine B; VV, vaccinia virus GLV-1h68.

As a result, both assays showed that the triple-therapy approach resulted in an enhanced cytotoxic effect in BxPc-3 and MIA PaCa-2 tumor cells, which could be further enhanced by increasing the viral dose of GLV-1h68 from MOI 0.01 to 0.05 and from MOI 0.5 to 1, respectively ([Figure 6](#fig6){ref-type="fig"}). In contrast, no additional effects of the chemovirotherapeutic combination were observed in AsPc-1 and Panc-1 cells. Interestingly, monovirotherapy with GLV-1h68 even led to an increase in tumor cell metabolism in AsPc-1 cells, which was restrained in combination with the dual chemotherapy.

Effect of Dual Chemotherapy with *nab*-Paclitaxel Plus Gemcitabine on Viral Replication of GLV-1h68 {#sec2.5}
---------------------------------------------------------------------------------------------------

Both oncolysis and potential long-term consequences of oncolytic virotherapy are believed to depend on a profound viral replication, which might be influenced by the chemotherapeutic agents being applied in combination in the case of chemovirotherapy. To assess whether the previously obtained results of the triple chemovirotherapy were linked to an altered viral replication of our study virus GLV-1h68, virus growth curves were generated by measuring viral titers at different time points after initiation of treatment ([Figure 7](#fig7){ref-type="fig"}). In fact, after the dual chemotherapy with *nab*-paclitaxel plus gemcitabine was added, a reduction in viral replication was seen in AsPc-1 and Panc-1 cells, whereas replication of GLV-1h68 in the previously better responding BxPc-3 and MIA PaCa-2 cells remained as potent as in the monovirotherapeutic treatment. Thus, therapeutic benefits of the combination of dual chemotherapy with *nab*-paclitaxel plus gemcitabine with GLV-1h68 was linked to an unaltered replication of the viral agent in BxPc-3 or MIA PaCa-2 cells.Figure 7Effect of the *nab*-Paclitaxel Plus Gemcitabine Dual Chemotherapy on Replication of Study Virus GLV-1h68 in Four Different Pancreatic Tumor Cell LinesTumor cells were treated as described previously with the highest MOI used in either cell line. At five given time points (1.5, 24, 48, 72, and 96 hpi), tumor cells were harvested, followed by virus titer determination (n = 3, mean and SD are shown). Gem, gemcitabine; hpi, hour(s) post-infection; MOI, multiplicity of infection; *nab*-PTX, *nab*-paclitaxel; PFU, plaque-forming unit.

Discussion {#sec3}
==========

To date, only a few chemovirotherapeutic trials encompassing higher numbers of patients have been completed. Fortunately, a wide range of promising chemovirotherapeutic protocols are undergoing clinical investigation and their results may possibly help to evaluate the future of multimodal virotherapeutic approaches.[@bib17]

Rationale for Chemovirotherapy {#sec3.1}
------------------------------

One rationale for chemovirotherapy lies within cancer biology itself. Targeting tumor cells with distinct mechanisms at different sites of the tumor cell metabolism promises to be a more effective and more rapid type of antitumor treatment by helping to prevent any evolutionary selection of tumor cell subpopulations with primary and secondary acquired resistances. In addition, highly immunogenic "foreign" agents, such as oncolytic viruses, can be instrumental in arousing the dormant pathways of antitumor immunity, thereby utilizing the body's own capacity for tumor cell clearance, especially in long-term antitumor treatment. Pancreatic cancer, with its highly instable genome and strongly immunosuppressive microenvironment, combines both of these key mechanisms for rapid tumor progression and the acquisition of high-grade resistance to standard chemotherapy protocols. Therefore, it seems logical that any form of antitumor treatment aiming for more efficient tumor cell killing has to strike hard and, more importantly, operate in a multimodal manner. The combination of clinically approved chemotherapeutic agents, acting by curbing cell growth in general, and oncolytic viruses that selectively target tumor cells holds great promise for clinical evaluation by potentially arousing a profound antitumor immune response. Of note, a recent randomized phase II trial in upfront treatment of metastatic pancreatic adenocarcinoma (MPA) showed that a chemovirotherapeutic regimen employing Reolysin with carboplatin and paclitaxel was safe but did not improve progression-free survival, regardless of KRAS mutational status.[@bib18] Therefore, it is of major interest to develop and test alternative chemovirotherapeutic regimens such as GLV-1h68 plus *nab*-paclitaxel plus gemcitabine.

Influence of Chemotherapy on Viral Replication {#sec3.2}
----------------------------------------------

The main focus of chemovirotherapeutic regimens lies in harnessing the oncolytic and, more importantly, immunotherapeutic potential of the applied viral agents. Since both parameters are presumed to depend on a strong viral replication, it has to be ascertained that the application of chemotherapeutic agents does not interfere with viral replication and spread of infectious progeny virus particles in a negative manner. Such interactions depend not only on the chosen agents but also on their dosages and the order of administration of the respective therapeutic compounds, basic determinants that have to be considered for the design of any successful combination therapy.

Thus far, therapeutic benefit after chemovirotherapy both in vitro and in vivo has been shown to be linked to an unchanged or even enhanced viral replication in most cases. In some cases, chemotherapy-induced DNA damage resulted in a cellular overexpression of GADD34 or ribonucleotide reductase (RR), which led to an increased replication of herpes virus-based agents if homologous viral gene products had previously been deleted.[@bib19], [@bib20], [@bib21], [@bib22] Similarly, chemotherapy was shown to increase the levels of E1A, an early expressed adenoviral gene product that not only regulates a multitude of both cellular and viral genes to initiate the adenoviral replication cycle but is also known for its chemosensitizing effects.[@bib23], [@bib24] The mitotic inhibitor paclitaxel was found to increase adenoviral assembly and subsequent release from the host cell while leaving DNA synthesis unaffected.[@bib25] Furthermore, our group showed that chemotherapy-induced senescence promoted replication of a measles vaccine virotherapeutic virus and led to increased tumor cell killing.[@bib26] However, in most cases, it remains unclear whether an enhanced viral replication constitutes the main determinant for therapeutic efficacy.

In contrast, it was previously shown that chemotherapeutics such as 5-fluorouracil (5-FU) or irinotecan induce an unfavorable environment for viral replication.[@bib27] SN-38, an active metabolite of clinically used irinotecan, was found to inhibit replication of the HSV-1 vector G47Δ, which decreased the therapeutic benefit otherwise seen in combination with etoposide where viral replication was not influenced.[@bib28] Interestingly, therapeutic benefit could be observed despite reduced viral titers. Enhanced levels of apoptosis in response to chemovirotherapeutic treatment were found to result in enhanced therapeutic efficacy and therefore outweighed detrimental decreases of the effective viral dose.[@bib29], [@bib30] Prodrug converting strategies led to a powerful bystander effect, although viral replication was inhibited by the converted cytotoxic compound 5-FU.[@bib31], [@bib32]

Vaccinia Virus in the Context of Chemovirotherapy {#sec3.3}
-------------------------------------------------

Due to their extensive use in the eradication of smallpox, vaccinia virus strains are known to induce a potent immunological response in the human host.[@bib33] Among other reasons their capacity (1) to infect almost any cell type, (2) to transport and express large amounts of foreign DNA, as well as (3) their cytoplasmic replication cycle being independent from the cell's own nuclear gene transcription make them favorable agents for virotherapy.

GLV-1h68, a *Lister* strain derivative recombinant vaccinia virus, has been part of many preclinical and clinical investigations. By inserting three expression cassettes (β-galactosidase, β-glucuronidase, and *Ruc-GFP*), GLV-1h68 unifies both diagnostic and therapeutic properties of cancer treatment and therefore belongs to a group of agents usually referred to as "theranostics."[@bib34] GLV-1h68 was shown to not only exhibit proinflammatory[@bib35], [@bib36], [@bib37], [@bib38] and antivascular[@bib39] properties but to also be able to colonize lymph node metastases[@bib40], [@bib41] and infect cells with stem-cell-like features.[@bib42] However, the most crucial predictive marker for potent antitumor efficacy seems to be a strong viral replication in tumor cells.[@bib13], [@bib35], [@bib38], [@bib39], [@bib43], [@bib44], [@bib45], [@bib46]

Here, we investigated the cytotoxic effect of the chemovirotherapeutic combination of oncolytic vaccinia virus GLV-1h68 with *nab*-paclitaxel and/or gemcitabine on four well-characterized cell lines of pancreatic adenocarcinoma origin. As a result, chemovirotherapeutic protocols combining GLV-1h68 with each of both chemotherapeutic agents separately were seen to result in either no or only marginally enhanced rates of tumor cell killing, independent of the time lag between the initiation of viro- and chemotherapy. We therefore concluded that GLV-1h68 could be combined with chemotherapeutic agents (e.g., *nab*-paclitaxel and gemcitabine) in a more flexible time pattern, which helps to avoid the necessity of strict time intervals between the application of the chemotherapeutic and virotherapeutic compounds.

Based on the fact that virotherapeutic agents used in chemovirotherapy regimens are considered to serve as an add-on module to established chemotherapy protocols, a triple-therapy protocol combining GLV-1h68 with clinically approved dual chemotherapy with *nab*-paclitaxel plus gemcitabine was devised. We found that the triple chemovirotherapy resulted in a considerable increase in tumor cell killing in two pancreatic carcinoma cell lines (BxPc-3 and MIA PaCa-2), whereas the response in AsPc-1 and Panc-1 tumor cells after triple therapy resembled the response after single viro- or dual chemotherapy alone.

Furthermore, our data clearly demonstrate that the therapeutic benefit of triple therapy with GLV-1h68 plus *nab-*paclitaxel plus gemcitabine in treating different pancreatic cancer cell lines depends on an unaltered viral replication in vitro. These findings are of special interest, since, in view of future clinical applications, GLV-1h68 provides the possibility to non-invasively monitor viral replication as a surrogate marker for an (immuno)therapeutic effect in animal models or human patients. Any approach trying to prove its therapeutic benefit besides investigating its cytotoxic effect would have to focus especially on viral replication and its consequence on antitumor immunity.

Interactions between Chemo- and Virotherapeutics Depend on Their Sequence of Administration {#sec3.4}
-------------------------------------------------------------------------------------------

Although identifying sequence-dependent interactions between the applied agents is highly complex, a few basic considerations can be pointed out. Generally, three distinct administration sequences can be differentiated: pretreatment with either (1) the chemo- (C) or (2) the virotherapeutic (V) agent (C→V / V→C) or (3) their concurrent administration (C⇔V). However, chemovirotherapeutic strategies are still experimental, rather than based on a profound understanding of the underlying mechanisms, and sequence-dependent interactions are not easy to predict. Of special interest are synergistic interactions independently from the treatment order but mediated via different antitumoral mechanisms. Huang et al.[@bib47] postulated that pretreatment with paclitaxel (C→V) induced a cell cycle arrest of colorectal cancer cells in the G2/M phase, which rendered them more susceptible to vaccinia virus infection. Pretreatment with the virotherapeutic (V→C), on the other hand, was shown to sensitize for an adjacent chemotherapy by the release of cellular danger signals.

Hypothetic considerations of one therapeutic approach sensitizing for the other hint at superior treatment outcomes after sequential administration of the agents (C→V / V→C) and, to a lesser extent, in the concurrent setting (C⇔V) as well. Any therapeutic effect based on an augmented viral replication would therefore suggest a benefit of administering chemotherapeutics first.[@bib20], [@bib48] However, similar increases in adenoviral replication have also been found to be independent of the treatment order (C→V/ V→C).[@bib49]

Then again, the requirement of a strong viral replication (or rather a high number of viral gene products) possibly sensitizing for adjacent chemotherapy suggests a therapeutic benefit if tumor cells are pretreated with the virotherapeutic agent (V→C).[@bib50] Nevertheless, some of the synergistic interactions associated with a potent viral replication have been found to be sequence independent.[@bib51], [@bib52] In contrast, although gemcitabine negatively influenced the viral life cycle of parvovirus H-1PV in the concurrent setting (C→V), it was found to prolong survival of tumor-bearing rats when its administration took place much earlier (i.e., 2 weeks).[@bib53] Such combination protocols demonstrate the possibility to employ more flexible time patterns between chemo- and virotherapy in case of detrimental interactions in the concurrent setting. Additionally, unraveling treatment protocols by applying the agents separately, which to date is frequently used in multimodal chemotherapy protocols, possesses the benefit of reduced toxicity.

Unfortunately, the experimental settings of investigations addressing sequence-dependent effects are not always conclusive. In one case, both concurrent and delayed administration of cisplatin (C⇔V / V→C) resulted in a similar therapeutic benefit; however, the increase in cisplatin-induced apoptosis was only investigated in the former and therefore might not contribute to the therapeutic success in the sequential administration setting.[@bib54] Similarly, although pretreatment with either agent (C→V / V→C) often results in superior treatment outcomes, the effect of the chemotherapeutic agents on viral replication is frequently measured only in the concurrent setting. Depending on the respective treatment order, chemotherapeutics are known to also affect other parameters determining the cellular environment for viral replication, such as the induction of cell cycle arrest[@bib55] or changes in gene expression.[@bib19], [@bib20], [@bib21], [@bib22] Therefore, although chemotherapeutics may directly interfere with the viral life cycle (as measured in the concurrent setting), it would be shortsighted to extrapolate such results for the sequential setting.

In our setting, the chronological order of the viro- and chemotherapeutic agents (GLV-1h68 plus *nab-*paclitaxel or gemcitabine) did not influence the therapeutic effect in either of the four tumor cell lines (C→V; data not shown). As a result, we concluded that chemo- and virotherapy could be administered in a more flexible time pattern and we devised a triple chemovirotherapy protocol in which *nab-*paclitaxel and gemcitabine were added directly after the initial virus infection (at 1 plus 1.5 hpi). Moreover, analyses of the antitumoral effect as well as of the influence of the dual chemotherapy on viral replication of GLV-1h68 were performed under similar conditions. Therapeutic success of the triple chemovirotherapy in the concurrent setting was therefore clarified to depend on an effective chemotherapy in addition to an unaltered viral replication.

Dose-Dependent Effects Determine the Therapeutic Outcome, Especially If Chemotherapy Influences Viral Replication {#sec3.5}
-----------------------------------------------------------------------------------------------------------------

The positive/negative influence of one agent on the other likely depends on the concentrations used in the respective settings. Possible synergistic interactions may intensify therapeutic success and allow for dose reductions of the applied agents to a less toxic degree.[@bib56], [@bib57], [@bib58] High-dose combination therapy was actually unable to further increase the levels of tumor cell death already being induced by low-dose chemovirotherapy.[@bib59], [@bib60] Furthermore, virus-mediated chemosensitization was shown to be powerful enough to render chemotherapy-resistant tumor cells sensitive for low-dose chemotherapy.[@bib61], [@bib62]

Since some chemotherapeutic agents are known to directly interfere with the viral life cycle, dose-dependent relations in this regard have been in the focus of diverse investigations. Although application of high-dose mitomycin C was found to severely reduce replication of an oncolytic herpes simplex virus, viral titers were found to be unchanged when administered in lower and thereby "beneficial" doses.[@bib63] Furthermore, low-dose chemotherapy was found to increase viral titers to a greater extent than its high-dose application.[@bib20], [@bib49]

The applied dose of an agent in combination therapy is usually determined by its cytotoxic effect in monotherapy. However, to demonstrate therapeutic benefit of the combination, suitable doses of single agents have to be chosen carefully. If doses are too high, single agents will be too "successful" in killing tumor cells on their own and the readout of potential combinatorial therapeutic benefits could be threatened. Moreover, even if the chemotherapy does not directly interfere with the viral life cycle, high concentrations would be immediately cytotoxic and therefore prevent effective viral replication by killing tumor cells, which function as hosts for replicating virotherapeutics.[@bib64] Accordingly, higher gemcitabine doses in gemcitabine-insensitive pancreatic cancer cell lines were assumed to cause a greater inhibition of viral replication and in accordance to also prevent therapeutic benefit.[@bib65]

In line with these considerations, we designed our chemovirotherapeutic protocols by carefully adjusting concentrations of the respective compounds, ensuring remaining tumor cell masses of ≈75% after 72 hr of chemo- or virotherapeutic treatment in monotherapy (designated as a so-called LD25). By doing so, we set out to prevent excessive tumor cell killing possibly disguising additional effects of the chemovirotherapeutic combination. Nonetheless, reductions in the viral titers in tumor cell lines that had been non-responsive to the triple chemovirotherapy still could be the result of overdosing chemotherapy. On closer inspection, AsPc-1 and Panc-1 tumor cells indeed received higher concentrations of *nab-*paclitaxel and/or gemcitabine than the triple-chemovirotherapy-responsive tumor cell lines BxPc-3 and MIA PaCa-2. Therefore, chemotherapeutic doses still might have been adjusted in a too-high range and could potentially have negatively influenced viral replication as a result. Since we strongly believe that an unaltered replication of GLV-1h68 constitutes an important key to chemovirotherapeutic success, we call for further investigations on this matter.

Triple Chemovirotherapy Regimen with GLV-1h68 Plus *nab*-paclitaxel Plus Gemcitabine in Animal Models {#sec3.6}
-----------------------------------------------------------------------------------------------------

In the further development of chemovirotherapy regimens, it would be of great interest to come to a preclinical evaluation of potential immunotherapeutic effects of the combination GLV-1h68 plus *nab*-PTX plus gemcitabine. However, when employing human pancreatic ductal adenocarcinoma (hPDA) cell lines as investigated in this work (AsPc-1, BxPc-3, MIA-PaCa-2, and Panc-1), such experiments could only be performed in xenograft animal models (e.g., in nude or severe combined immunodeficiency \[SCID\] mice). Unfortunately, these immunodeficient mice are lacking important features of adaptive immunity. As an alternative, usage of humanized mice with a partially or nearly fully reconstituted immune system could provide insights on (1) how this triple therapeutic regimen would affect antitumor immunity, (2) how immune checkpoint inhibitors could be placed on top, and (3) how means aiming at a depletion of the immunosuppressive phenotypes of human pancreatic cancer could be made successful; however, proper answers to these highly interesting questions can only be provided by future clinical trials. Of further interest are investigations on how the triple chemovirotherapy regimen with GLV-1h68 plus *nab*-PTX plus gemcitabine would affect the dense stroma being associated with hPDA. Again, xenograft mouse models are not suitable for such investigations due to the fact that hPDA cells cannot be mixed with human pancreatic stromal cells for a remodeling of the specific histological features of hPDA. As an alternative, organotypic culture models have emerged as tractable systems to recapitulate the complex three-dimensional organization of hPDA[@bib66] and could be implemented for such analyses in the future. Such hPDA organoids would also be highly instrumental for further investigations on the mechanistic effects of the triple-chemovirotherapy regimen with GLV-1h68 plus *nab*-PTX plus gemcitabine.

Conclusions {#sec3.7}
-----------

Identifying agent-, sequence-, and dose-dependent interactions may not be as easy as confirming a supposedly reasonable hypothesis. Differences between the in vitro and in vivo settings as well as in different tumor cell lines further aggravate this complex matter.[@bib24], [@bib29], [@bib67] However, since the immunotherapeutic effects of oncolytic viruses are assumed to be the key players mediating durable disease regressions, patients will respond differently to distinct oncolytic agents and more than one combination protocol might be required. In chemovirotherapy, immunogenic oncolytic viruses are primarily thought to operate as add-ons to already existing chemotherapy protocols. Many chemovirotherapeutic protocols thus far have demonstrated their safety in patients,[@bib17] and it may be of utmost importance to identify non-responders at an early stage of therapy to change the virotherapeutic component if necessary. Non-invasive monitoring of viral replication and therapeutic efficacy as surrogate markers for (immuno)therapeutic success is therefore of special interest. In this regard, viral agents such as the prototypic theranostic vector GLV-1h68 are favorable in providing the required insights and are therefore promising candidates for personalized cancer therapy in the near future.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

The pancreatic adenocarcinoma cell lines AsPc-1 and Panc-1 were purchased from Sigma-Aldrich. BxPc-3 and Panc-1 pancreatic cancer cells were purchased from the American Type Culture Collection (ATCC). Tumor cells were seeded for subsequent experiments in 24-well plates at a density of 4 × 10^4^/well (BxPc-3, MIA PaCa-2, and Panc-1) or 5 × 10^4^/well (AsPc-1). African green monkey kidney cells (CV-1) were provided by Genelux. All cell lines were cultivated in DMEM (Biochrom) supplemented with 10% fetal calf serum (FCS; PAA Laboratories) (growth medium). Cells were incubated at 37°C in a humidified atmosphere containing 5% CO~2~.

Monovirotherapeutic Treatment with GLV-1h68 {#sec4.2}
-------------------------------------------

Following seeding, BxPc-3, MIA PaCa-2, Panc-1, and AsPc-1 cells were infected the next day with GLV-1h68 at different MOIs. Suspensions of GLV-1h68 were prepared by thawing and sonicating frozen virus solutions for 30 s at 4°C, followed by dilution in DMEM supplemented with 2% FCS (infection medium). During the following hour, plates were swayed every 15 min. At 1 hpi, the infection medium was replaced with cell growth medium. At 72 hpi, remaining tumor cell masses were measured by the SRB viability assay.

Monochemotherapeutic Treatment with *nab*-Paclitaxel or Gemcitabine {#sec4.3}
-------------------------------------------------------------------

Following seeding, the culture medium of BxPc-3, MIA PaCa-2, Panc-1, and AsPc-1 cells was replaced the next day with medium containing different concentrations of the respective chemotherapeutic agent. At 72 hr post-treatment (hpt), the remaining tumor cell masses were measured by the SRB assay.

Dual Chemovirotherapy with GLV-1h68 and Either *nab*-Paclitaxel or Gemcitabine {#sec4.4}
------------------------------------------------------------------------------

Following seeding, BxPc-3, MIA PaCa-2, Panc-1, and AsPc-1 cells were infected the next day with GLV-1h68 as described above. At either 1 hpi or 24 hpi, the culture medium was replaced with medium containing the LD25 dose of the respective chemotherapeutic agent (either *nab*-paclitaxel or gemcitabine). At 72 hpi, the remaining tumor cell masses were measured by the SRB viability assay.

Triple Chemovirotherapy with GLV-1h68 and *nab*-Paclitaxel Plus Gemcitabine {#sec4.5}
---------------------------------------------------------------------------

Following seeding, BxPc-3, MIA PaCa-2, Panc-1, and AsPc-1 cells were infected the next day with GLV-1h68 as described above. At 1 hpi, medium was replaced with *nab*-paclitaxel-containing growth medium. At 1.5 hpi, gemcitabine-containing growth medium was added. Concentrations of both agents were calculated to result in the proper (tumor cell line-adjusted) LD25 doses in the entire medium. At 72 hpi, the remaining tumor cell masses were measured by the SRB assay and the CellTiter-Blue assay, respectively.

SRB Assay {#sec4.6}
---------

Tumor cells were seeded in 24-well plates. The next day, the respective chemo- and/or virotherapeutic treatment was performed as described above. At 72 hpt or 72 hpi, tumor cells were washed with cold PBS and fixed by administering cold 10% trichloroacetic acid (TCA) solution. After 30 min of incubation at 4°C, TCA was removed and cells were washed with tap water and dried in a drying chamber at 40°C. Cellular proteins were stained by adding 0.4% (w/v) SRB (Sigma-Aldrich) dissolved in 1% acetic acid for 10 min at room temperature (RT). Plates were then washed with 1% acetic acid and dried another time. Protein-bound dye was solubilized in 10 mM Tris base (pH 10.5), after which optical density was measured at a wavelength of 550 nm using the Tecan GENios Plus multifunction fluorescence microtiter plate reader (Tecan Deutschland).

CellTiter-Blue Assay {#sec4.7}
--------------------

Tumor cells were seeded in 24-well plates. The next day, the triple therapy was performed as described above. At 72 hpi, 100 μL medium of each well was replaced with CellTiter-Blue reagent (Promega). Cells were further incubated for 1 up to 4 hr, depending on the particular metabolic rate of each cell line. End-point fluorescence was then quantified at a wavelength of 595 nm with the Tecan GENios Plus multifunction microtiter plate reader (excitation wavelength of 550 nm).

Virus Titration of GLV-1h68 {#sec4.8}
---------------------------

Tumor cells were seeded in 24-well plates. The next day, the triple therapy was performed as described above. At different time points (1.5 hpi, 24 hpi, 48 hpi, 72 hpi, and 96 hpi), cells were harvested by scraping them into their medium. A subsequent freeze/thaw cycle led to cell lysis and the release of cell-bound viral particles. CV-1 cells were seeded in 24-well-plates and were infected on the following day with 1:10 serial dilutions (10^−1^ to 10^−6^) of the collected virus samples. After primary infection, plates were swayed every 20 min. At 1 hpi, each well received overlay medium containing 1.5% carboxymethylcellulose (CMC) (Sigma-Aldrich) additionally supplemented with Gibco Antibiotic-Antimycotic (Life Technologies) and 5% FCS. Cells were further incubated for 2 days. Staining of the virus plaques was performed by adding crystal violet for 4 hr at RT. Subsequently, cells were washed with tap water. Stained virus plaques were counted and the corresponding virus titers (plaque forming units \[PFU\] per milliliter) were calculated.

Statistical Analysis {#sec4.9}
--------------------

All results are expressed as means ± SD and were calculated using GraphPad Prism software (version 6; GraphPad Software).

Author Contributions {#sec5}
====================

Conceptualization, E.B., S.B., J.B., M.S., and U.M.L.; Methodology, E.B., S.B., J.B., M.S., and U.M.L.; Investigation, E.B., C.G., and I.S.; Writing -- Original Draft, E.B., S.B., and U.M.L.; Writing -- Review & Editing, E.B., S.B., and U.M.L.; Funding Acquisition, E.B., S.B., and U.M.L.; Resources, S.B., J.B., and U.M.L.; Supervision, S.B., J.B., M.S., and U.M.L.

Conflicts of Interest {#sec6}
=====================

The authors declare no conflict of interest.

Supplemental Information {#app2}
========================

Document S1. Figure S1Document S2. Article plus Supplemental Information

Oncolytic vaccinia virus GLV-1h68 was kindly provided by Genelux. E.B. was funded by a German Cancer Aid (DKH) Mildred Scheel Scholarship for postgraduates (reference no. 111045). We further acknowledge support from the German Research Foundation (DFG) and the German Cancer Consortium (DKTK).

Supplemental Information includes one figure and can be found with this article online at [http://dx.doi.org/10.1016/j.omto.2017.04.001](10.1016/j.omto.2017.04.001){#intref0010}.

[^1]: Gem, gemcitabine; LD25, 25% lethal dose (determined as the respective concentration of agents used in monotherapy resulting in a remaining tumor cell mass of ∼75% at 72 hr post-treatment); MOI, multiplicity of infection; *nab*-PTX, *nab*-paclitaxel.
